ABSTRACT
Despite recent therapeutic advances, most patients with glioblastoma multiforme (GBM) experience disease recurrence, with very poor prognosis. Much work still needs to done to improve the treatment efficacy. The optimal management of patients with recurrent GBM is still controversial. This article summarizes the current status of therapeutic strategies in recurrent glioblastoma patients, with an emphasis on more novel approaches and important recent progress. The clinical evidence of current treatment strategies were collected and reviewed. Patients still need comprehensive treatment for recurrent GBM. Surgery may be useful as adjuvant treatment for patients with symptoms due to the effect of the mass or for patients requiring definitive histopathology, but it generally should be combined with another treatment modality; high-precision re-irradiation such as stereotactic radiosurgery or gamma knife is another option. Chemotherapy like fotemustine, or a metronomic schedule of temozolomide regimens and anti-angiogenic agents like bevacizumab could also be considered. Other targeted molecular inhibitors or antiangiogenic therapies, and immunotherapies are still under investigation and their efficacy needs to be evaluated further in the future.
INTRODUCTION
Gliomas are the most common primary tumors in the central nervous system (CNS) and malignant gliomas, which account for 70% of gliomas, are the most frequent and lethal cancers originating in the CNS with a high recurrence and mortality rate (1) . The most biologically aggressive subtype of gliomas is glioblastoma multiforme (GBM) [World Health Organization (WHO) grade IV astrocytoma], a tumor associated with a rather dismal prognosis. Current standard treatment protocol includes maximal surgical resection followed by adjuvant chemotherapy with a DNA alkylator, temozolomide (TMZ), and radiotherapy. Despite the best available therapeutic regimen, the life expectancy of patients with GBM is still short, with a median survival of approximately 14-16 months (2) . Almost all GBM patients will experience disease recurrence with a median time to progression in 6.2 months and a median survival following recurrence of only 25 to 30 weeks (3, 4) ; the majority of patients with GBM relapse following initial treatment and 10% of patients are alive at 5 years.
In contrast to the primary treatment of GBM, there is no consensus on the optimal approach for patients with recurrent GBM, especially for patients who receive 12 or more cycles of TMZ as adjuvant therapy (5) . The optional therapeutic protocols include re-operation, reirradiation, chemotherapy, target therapy, etc. Agents that can be used for recurrent gliomas include TMZ, nitrosoureas, carboplatin, procarbazine, irinotecan, and etoposide. Carmustine wafers have modest activity, increasing the median survival by approximately 8 weeks in patients with recurrent glioblastomas (6) . Other agents are still in phase II clinical trials and their efficacy remains to be evaluated.
The aim of this review is to discuss the evolution of treatment for recurrent GBM, and thus to provide a concise overview of the recent therapeutic strategies, and highlight some areas under investigation.
THERAPEUTIC STRATEGIES

Re-operation 3.1.1 General Description
In over 85% of recurrent glioblastoma relapse occurs locally, giving a chance for re-operation from the neurosurgical point of view (7) . For neurosurgeons, glioblastoma is still a great challenge, not only from the point of resecting the outmost possible amount of tumor tissue but also from the point of preserving neurological function and, thus, quality of life. It is generally believed that re-operation for patients with recurrent GBM has a positive effect on outcome by relieving symptoms due to intracranial mass and reducing tumor burden to facilitate subsequent therapy. In addition, re-operation is an important method to confirm true tumor progression, compensating for the pitfalls of magnetic resonance imaging (MRI) to distinguish recurrence between pseudoprogressions or radiation necrosis. Pre-and intraoperative guidance by neuro-navigation, MRI, ultrasound, fluorescence guided resection and intraoperative photodynamic treatment are the major new achievements in order to facilitate tumor resection and cytoreduction to the greatest extent.
Benefits of Re-operation
Until now, prospective studies evaluating the survival benefit of re-operation were not available. Retrospective studies suggest that re-operation has a modest effect on prolonging survival in selected patients. Recently, Clarke et al. found that there is no significant difference in 6 months progression free survival (PFS6) between patients in surgical (14.8%) and nonsurgical (18.8%) groups at the time of tumor recurrence (8) .
Despite limited benefit in survival provided by surgery alone, an obvious prolonged survival can be reached when surgery is followed by further treatment such as chemotherapy or radiotherapy. Mandl et al. found that the median overall survival after stand alone surgery is between 2 and 3 months, while the time increases to 12 months when combined with adjuvant chemotherapy and/or radiotherapy (9) . The underlying mechanism may be that the relief of symptoms provides a better state to tolerate subsequent therapy.
As a result, there is no doubt that re-operation should always be considered in patients with recurrence of GBM, if the patient can get benefit from surgery and accept adjuvant therapies as further options, but how to determine whether to re-operate is difficult.
Decision-making in re-operation
At present, clear guidelines evaluating reoperation in patients with recurrent GBM have not been established. In general, surgery is not recommended alone. Location of tumor (eloquent or non-eloquent), performance status and resectability are commonly involved in making a decision (10). Park et al. devised a preoperative scale that predicts survival after surgery for recurrent glioblastoma multiforme and contains several factors associated with poor post-operative survival: tumor involvement of prespecified eloquent/critical brain regions, low Karnofsky performance status score and tumor volume > or = 50 cm 3 (11) . This scale can identify patients likely to have poor, intermediate, and good relative outcomes after surgical resection, and thus help with decision making when choosing treatment options of individual patients. Mandl et al. proposed 7 items for screening patients. These are patient conditions, whether the tumor crosses the midline, involvement of eloquent areas, degree of resection, further treatment, benefit from re-operation and patient's wishes (9) . Also the efficacy brought by re-operation is influenced by several elements such as operation method, further therapy and residual volume. Keles et al. suggest that patients with a smaller residual volume are coupled with a better response to chemotherapy and improved PFS6. Patients with less than 10 cm 3 , 10-15 cm 3 and more than 15 cm 3 of residual disease in the beginning of chemotherapy had a PFS6 of 32%, 8% and 3%, respectively.
In conclusion, re-operation alone for treatment of patients with recurrent GBM is not recommended because of limited benefit in survival. It might be useful as adjuvant treatment for patients with symptoms due to mass effect or for patients requiring definitive histopathology, but it generally should be combined with other treatment modalities.
Radiotherapy and Gamma-knife surgery 3.2.1.Common radiotherapy
There are no randomized trials evaluating the benefit of re-irradiation in recurrent GBM. The role of radiotherapy for recurrent GBM remains controversial. Generally, re-irradiation is not recommended for patients who had received standard radiotherapy before GBM recurrence because of potential increased toxicity (12) .
However, some recent advanced technologies provide new therapeutic options, suggesting that fractionated stereotactic radiotherapy and stereotactic radiosurgery may be beneficial. Several studies reported the efficacy of these techniques for recurrent GBM (13) . Previous studies reported a median survival from 8 to 30 months for stereotactic radiosurgery and 6.7 to 50 months for fractionated stereotactic radiotherapy (14) . Gutin et al. found that in patients with recurrent high grade glioma, when used in combination with the humanized vascular endothelial growth factor (VEGF) antibody bevacizumab, hypofractionated radiotherapy (30 Gyin five fractions) is well tolerated and produced an encouraging response rate of 50% and 6-months progression free survival rate of 65%(15). (19) . These results provided alternative options for treatment of recurrent GBM.
Gamma knife surgery (GKS)
GKS can deliver high radiation doses to the target volume with a sharp dose decrease toward the surrounding brain (16), thus, providing a non-invasive treatment option for GBM. It could be used as initial treatment in conjunction with surgery and external bean radiotherapy (17), but showed trends of more benefits when used in recurrent GBM patients. Hsieh et al. reported prolonged overall survival in a retrospective series of GBM patients when GKS was performed at the time of tumor progression (18). In another recently published study, gamma knife surgery (GKS) was compared with re-operation in 77 consecutive recurrent GBM patients, Skeie et al. found that GKS may be an alternative option to open surgery for small GBMs at the time of recurrences, with a significantly lower complication rate and a possible survival benefit compared with re-operation
Chemotherapy 3.3.1. Temozolomide
TMZ is a new alkylating chemotherapeutic agent that is the standard treatment for newly diagnosed GBMs. A phase III trial showed that concomitant radiotherapy and TMZ plus six cycles of adjuvant TMZ improve 2-year survival versus radiotherapy alone from 10.4% to 26.5% (20) . Several studies have suggested that resistance to TMZ is primarily mediated by O6-methylguanine DNA methyltransferase (MGMT) (21, 22) and protracted administration of TMZ results in more extensive and sustained depletion of MGMT (23) .
Several clinical trials tried to evaluate the efficacy of TMZ in recurrent GBM with both standard 5-day schedule (24-30) and dose-dense schedule and showed varied results (31) (32) (33) (34) (35) (36) (37) (38) . With respect to tumor response, clinical benefit rate (complete response, partial response and stable disease) ranged from 36.7% to 90.5%. With respect to disease progression, the PFS-6 rate ranged from 18.0% to 48.0% while 12-month overall survival (OS-12) rate ranged from 14.6% to 81.0%.
A systematic review to determine the overall efficacy and to understand underlying causes of the variation was performed (39) . The results showed that the overall rate of clinical benefit was 50.5% (95%CI: 44.3-56.7%), the overall PFS-6 rate was 27.8% (95%CI: 22.7-33.5%) and the overall OS-12 rate was 36.4% (95%CI 26.9-47.1%). Subgroup analysis showed that a dose-dense schedule achieves a better result than standard 5-day regimens in clinical benefit rate (61.4% versus 46.3%, P=0.037) and PFS-6 (33.1% versus 20.1%, P<0.001). The same trend was observed also in OS-12 although not significant (43.9% versus 27.4%, P=0.089).
Based on existing evidence, TMZ seems to be effective for recurrent GBMs, and its efficacy may be increased with a metronomic schedule.
Fotemustine
Fotemustine (FTM) is a third-generation member of nitrosourea agents (40) . Previous studies had proved its ability to cross the blood-brain barrier, which makes it possible to be a therapeutic option for recurrent glioma patients (41) (42) (43) . The efficacy of FTM in recurrent malignant glioma patients after standard TMZ treatment was studied in several European institutions. In these reports, the PFS-6 rates ranged from 21 to 52% (44, 45) . In a retrospective pooled analysis, FTM is confirmed as a valuable therapeutic option for patients with recurrent GBM (PFS-6 = 33.1%), and is active in all study patient groups. They also found that time after the end of radiotherapy and second surgery are independent treatmentrelated risk factors. Presently, no prospective or randomized studies evaluating the efficacy of FTM have been conducted. As a result, the role of FTM, either alone or in combination with other agents, in salvage chemotherapy of GBM patients still needs further assessment in the future.
Other chemotherapy regimens
Several other chemotherapy regimens have also been evaluated, however, the results are disappointing. A retrospective analysis suggests that the ifosfamide, carboplatin and etoposide (ICE) regimen is not effective in patients with recurrent high-grade glioma if applied at second or third relapse (46) . A randomized trial compared temozolomide versus procarbazine, lomustine, and vincristine (PCV) in recurrent high-grade glioma, and found that TMZ does not show a clear benefit compared with PCV (47) . Single-agent carboplatin only has modest activity (48), with over two-thirds of patients having to discontinue treatment due to progressive disease. More effective but well tolerated regimens are required for this patient population.
For patients with recurrent glioblastoma who can undergo re-operation, the implantation of carmustine wafer (Gliadel) into the surgical cavity produces a modest increase in median survival of approximately 8 weeks (6).
Anti-angiogenic therapy 3.4.1 Bevacizumab
Several molecular mechanisms contribute to tumor angiogenesis but the VEGF pathway plays a particularly important role and has been a promising target in glioblastoma treatment. Angiogenesis in glioblastoma is primarily mediated by VEGF, and, thus, generates new blood vessels. Bevacizumab, the humanized monoclonal antibody against VEGF, in the only agent that has been approved by the U.S. Food and Drug Administration (FDA) for the treatment of recurrent glioblastoma. Preliminary results showed an increase in the PFS-6 to 35.1% for patients receiving bevacizumab alone and 50.3% for patients receiving bevacizumab combined with irinotecan. Common adverse events associated with bevacizumab include hypertension and proteinuria. (49, 50) . Bevacizumab is also currently under investigation in combination with radiotherapy and temozolomide in newly diagnosed glioblastoma patients (51).
Other anti-VEGF receptor agents
In addition to strategies that target VEGF ligand, suppression of VEGF receptor (VEGFR) signaling can also be achieved. Many tyrosine kinase inhibitors can block the tyrosine kinase activation site of VEGFR (52) (53) (54) (55) (56) (57) (58) (59) (60) (61) , and are being studied in several phase I/II clinical trials (62) (63) (64) . Notably, cediranib, a small-molecule inhibitor of VEGFR, demonstrated results comparable to bevacizumab, with a response rate of 56% and 6 M-PFS of 26% and has advanced to phase III investigation (65) . Sorafenib and sunitinib are the other two agents approved by FDA that could target VEGFR, but they showed limited activity in human glioblastoma. Other anti-VEGFR agents, like Adnectin based CT-322 and XL-184, are still in early clinical development (66) . Agents in clinical trials were shown in Figure 1 . Advances in this field can provide more choice in the near future.
Updated criteria of treatment efficacy
Given the potent anti-permeability effect of VEGF inhibitors, and their intrinsic propensity to alter neuroradiological disease assessment by producing pseudoprogression, the role of PFS, which is based on neuroradiological assessment, should be reconsidered, while overall survival (OS) represents the gold standard end-point for measuring clinical efficacy (67) . This is despite the disadvantage that OS is influenced by subsequent therapies and usually takes longer time to be evaluated. New criteria were recently implemented to better assess response of anti-angiogenic agents in patients with recurrent glioblastoma (68).
Potential image biomarkers
Besides contrast-enhanced MRI, position emission tomography (PET) can also be used in predicting treatment response. Schwarzenberg et al found that changes in tumor 3'-deoxy-3'-18F-fluorothymidine ((18)F-FLT) uptake are highly predictive of progression-free and overall survival in patients with recurrent malignant glioma on bevacizumab therapy. (18)F-FLT PET seems to be more predictive than MRI for early treatment response (69).
Meanwhile Hutterer et al. found in patients with recurrent high-grade glioma undergoing anti-angiogenic treatment that O-(2-18F-fluoroethyl)-L-tyrosine PET seems to be predictive for treatment failure in that it contributes important information to response assessment based solely on MRI and response assessment in neuro-oncology (RANO) criteria (70) .These advances in neuroradiology help clinicians to get a more precise assessment of treatment response.
Immunotherapy
Immunotherapy for recurrent GBM is another promising treatment modality for patients, and there have been reports of encouraging results. The immunotherapy targets against the antigens that are over or specially expressed in brain tumors. The induced immune cells will kill the tumor cells while the normal cells will survive. The Dendritic cell (DC)-based vaccination targeting tumorassociated antigens is a "hot topic." Several clinical trials evaluated the safety and immunogenicity of the novel vaccines.
Immunotherapy against glioma-associated antigen (GAA)
Okada et al. designed a novel vaccination withα-type 1 polarized dendritic cells (DC1) loaded with synthetic peptides for GAA epitopes and evaluated its effects on 19 HLA-A2+ patients with recurrent malignant gliomas. Positive immune response was observed in 58% patients after the first four vaccines. Significant increase in type 1 cytokines and chemokines is observed in peripheral blood.
Nine patients' progression-free status was at least 12 months. Sustained complete response was showed in one patient (71).
Immunotherapy against IL-13Rα2
Iwami et al evaluated the vaccine targeting IL-13Rα2-derived peptides restricted to HLA-A *0201 and -A *2402 in patients with recurrent malignant glioma. Two out of three HLA-A * 2402 patients, which could be evaluated, showed a positive T-cell response. One patient had stable disease for 16 months. One patient showed a dramatic regression for one lesion for 4 months(72).
Immunotherapy against Wilms tumor 1 (WT1) gen
In another phase II trial, safety and clinical responses of immunotherapy targeting the WT1 gene product was evaluated in 21 patients with recurrent GBM. They found that WT1 vaccine therapy for patients with WT1/HLA-A*2402-positive recurrent GBM was safe and produced a clinical response. Further more, none of these studies shows severe adverse events. All of the above results show a bright future of immunotherapy for recurrent GBM. (73) 
CONCLUSION
Therapy for recurrent GBM may involve surgery, reirradiation, chemotherapy, or novel agents, including antiangiogenic therapies. Significant progress has been made in treating recurrent GBM. However, the prospects and prognosis for these patients remain bleak. Surgery and chemotherapy have a role in selected patients. The management of recurrent GBM is highly dependent on an integrated multidisciplinary approach. Currently, selected patients may benefit from reoperation, re-irradiation, anti-angiogenic therapy, metronomic dose schedule of temozolomide, salvage chemotherapy, and other biologic agents. With advances in molecular profiling, clinicians will be able to stratify patients by their response to different therapies, thus, determine the most appropriate and effective treatment for each individual patient. We believe improved trial design and more effective agents may eventually improve the outcome in recurrent GBM patients.
